Global demand for clean water supply is on the rise due to population growth, climate and land-use change. Resource limitation, climate, leading to increasing water scarcity, demographic and socioinstitutional shifts promote more integrated water management, such as: storm-water harvesting and re-use that may mitigate the risk of water restrictions for urban populations. There is a need to ascertain whether integrated strategies can achieve social and economic goals as well as good-quality ecosystem service and maintenance by long-term monitoring of existing reuse plant, design and feasibility analysis and probabilistic modelling of sustainable rainfall drainage, storage and re-use systems.
INTRODUCTION
Rainwater reuse in domestic, commercial and industrial applications is often recommended for sustainable urban water management. Key design parameters of rainwater harvesting (RWH) systems are the storage capacity volume of RWH tank, the extension of surfaces where rainwater is collected and then diverted to the tank, and the rate of reuse. Furthermore, since the reliability of RWH systems depends on the rainwater availability, the local precipitation volumes, intermittency and seasonality [1] also affect RWH system performance. Design is usually performed with reference to efficiency of the tank, which in highdemanding scenarios depends on the ratio between water needed and water stored in the tank [2] .
The RWH tank is usually the most expensive element of a RWH system. A recent literature review [2] of RWH tanks working under very different environmental and operational conditions [3] [4] [5] [6] [7] [8] reveals that two trends exist: for low demand, efficiency does not depend on demand itself; as the demand increases, demand and efficiency of the tank fits to a power function. The interdependence between efficiency and climate characteristics was not explicitly accounted for. The probability approach [9] , instead provides analytical equations to estimate the risk of failure of components of the urban drainage system based on the statistics of daily or hourly rainfall events. A recent probabilistic model allows the estimate of the risk of failure of multipurpose storage capacities for sustainable urban water management [1] . The model is based on the probabilistic approach [9] , and provides closed form solutions for the risk of overflow and the risk of water scarcity of a RWH tank for irrigation and reuse. A slightly modified version of this model is formulated here and risk and efficiency of tanks operating under different climate and demand conditions [2] are evaluated. The results demonstrate that efficiency does not always correspond to low risk of overflow and it is poorly related with the risk of water scarcity in many cases. Figure 1 shows a schematic drainage and reuse system, where a small catchment transforms rainfall into runoff and a drainage network (with negligible storage capacity) collects and diverts runoff toward a storage tank with controlled outflow, or to overflow discharge when the tank is full. During the dry inter-event time, water previously stored in the tank, is reused at constant rate (Q 0 ).
MATERIALS AND METHODS
The meteorological input to the catchment is represented by the probability density functions of rainfall depth (h) and inter-storm interval (t). Following the approach proposed by [9] , h and t are modelled as random variables with exponential probability density functions.
(1)
where z is the inverse of expected value of rainfall depth and λ is the inverse of expected inter-storm interval.
A modified version of the risk model proposed by [1] is derived hereinafter for the RWH system shown in Fig. 1 , where the contributing area (S) of the catchment with runoff coefficient f provides the rainfall volume fSh to the tank, which has maximum storage capacity V s . During the inter-event time t water previously stored in the tank is reused at rate Q 0 . Under the most conservative assumption, the tank is full at the end of the first of two consecutive rainfall events, risk of overflow R f is estimated, as the probability that either the rainfall volume is fSh > V s , or that two consecutive rainfall events occur in a short period of time. At the beginning of the second rainfall event, tank storage capacity is Q 0 t < V s and rainfall volume is fSh > Q 0 t. Overflow results in a loss of water resources which occurs with probability R f : Risk of water scarcity R i is evaluated, under the most conservative assumption that the reservoir is empty at the beginning of the last rainfall event,the probability that rainfall volume is fSh < V s and the time to the next rainfall event is greater than fSh/Q 0 , or that rainfall volume is fSh ≥ V s but that the next rainfall event occurs after complete tank draw-down, i.e., V s /Q 0 .
Combining Eqns 1, 2 and 5, the risk of water scarcity results in the following expression 
When either a or b are large, meaning that V s >> fS z −1 or V s >> Q 0 l −1 , thus, the tank storage capacity is much larger than the average runoff volume jS z −1 or than the average reuse volume Q 0 l −1 , eqns (4) and (6) reduce to
where R' f + R' i = 1.
RESULTS
The performance of numerous RWH tanks was recently classified [2] on the basis of two nondimensional parameters: the demand ratio and efficiency. The demand ratio is defined as the ratio between the annual demand and the annually collected rainwater, while efficiency is the capacity of the RWH system to satisfy the water demand. A threshold demand ratio (equal to 0.8) discriminates between tanks characterized by high efficiency which does not depend on the demand ratio, and tanks characterized by progressively decreasing efficiency with increasing demand ratio. Risk of overflow [4] and risk of water scarcity [6] are estimated here for the same set of tanks [2] . The average annual rainfall z −1 is estimated as the ratio between the mean annual rainfall and the number of rainy days. Whereas l −1 is estimated as the ratio between the length of the rainy season and the number of rainy days. Figure 2 shows Risk of overflow vs Risk of water scarcity for differing operating and climate conditions. Risk of overflow and risk of water scarcity seem to be inter-changeable indicators of tank performance in many cases, holding the interrelation R f = 1 − R i , meaning that e −(a+b) is negligible and thus V s << z −1 fS (large tank) or V s >> Q 0 l −1 (low demand). Although, risk of water scarcity is in a few cases higher than risk of overflow, suggesting that climatic conditions, such as long dry spells, may be the major reason of inefficient performance of RWH tanks, whereas the risk of overflow, thus the risk of losses of re-usable resources does not seem to be responsible for the lack of reuse water.
Risk of overflow and risk of water scarcity are plotted together with efficiency versus the demand fraction in Fig. 3 . Efficiency and risk of overflow exhibit similar decreasing trend with demand ratio between 0.8 and 50, even though efficiency does not account explicitly for inter-annual rainfall variability. Risk of overflow is not systematically overestimated, neither under-estimated by efficiency, but it exhibits larger dispersion than efficiency, possibly due to the uncertainty related to the variable climatic conditions, thus demonstrating that climate variability may overwhelm deterministic efficiency. The risk of water scarcity is high for tank operating at any demand ratio, indicating that water availability when needed is mainly threatened by long dry spells and possibly that the assumption of empty tank at the beginning of two consecutive rain events is too restrictive and thus that cumulative contribution of consecutive rain events of any entity may be crucial for tank performance. 4 DISCUSSION The analysis of a large number of tanks, under different operating and cli-mate conditions indicates that efficiency and risk of overflow may be used as indicators of tank performance. Risk of overflow decrease with demand ratio, although (1) risk of overflow is more scattered than efficiency when plotted vs demand ratio, demonstrating the relevance of rainfall uncertainty in evaluating tank performance and (2) the risk of water scarcity is much higher than both: risk of overflow and efficiency in many cases, pointing at the relevance of rainwater availability during dry periods in designing SWH systems.
Climate is a major determinant of RWH system efficiency and risk analysis accounts for climate forcing in addition to operating conditions and design characteristics, providing an estimate of RWH tank performance not always coincident with efficiency. When the risk of overflow and risk of water scarcity are confronted with efficiency, no threshold demand ratio, distinguishing between small and large tank is evident, and rather, the results demonstrate the high variability of tank performances under differing clismate and operating conditions.
